Insect herbivores can substantially reduce the fitness of plants (Crawley, 1983; Marquis, 1992) . Because encounters with herbivores can be unpredictable, plants often express low constitutive levels of resistance and then rapidly divert resources to resistance upon the onset of damage (Karban and Baldwin, 1997) . Given the generality of this pattern, an understanding of plant induction responses is critical for interpreting ecological interactions between plants and their enemies and for engineering greater protection of crops from agricultural pests (Baker et al., 1997; Thaler et al., 1999) .
Many plant species respond to insect damage by increasing the density and/or number of trichomes on new leaves (Myers and Bazely, 1991; Agrawal, 1998 Agrawal, , 1999 Agrawal, , 2000 Traw, 2002; Traw and Dawson, 2002a) . This structural barrier is an important component of resistance to herbivores for plants in general (Levin, 1973; Agren and Schemske, 1994; Fernandes, 1994; Traw and Dawson, 2002b ) and for the model plant, Arabidopsis, in particular (Mauricio and Rausher, 1997) . The leaf trichome of Arabidopsis is non-glandular but has three sharp points that appear to reduce access of herbivores to the leaf surface (Mauricio and Rausher, 1997) . Each trichome is a single epidermal cell supported at the leaf surface by a ring consisting of eight to 12 rectangular cells (Marks, 1997) . Due to its large cell size (200-300 m in length), the trichome of Arabidopsis is widely considered a model system for study of spatial regulation of cell type specification in plants (Haughn and Somerville, 1988; Marks, 1997; Hü lskamp and Schnittger, 1998) . Factors that regulate trichome production are, therefore, of broad interest. Previous research has identified an important role for the hormone, gibberellin, in constitutive trichome production in Arabidopsis (Chien and Sussex, 1996; Telfer et al., 1997; Perazza et al., 1998 ). In the current study, we show that two other major plant chemicals, jasmonic acid and salicylic acid, also influence trichome production in Arabidopsis.
Induction of resistance to herbivores and pathogens is generally regulated by a network of signal transduction pathways in which salicylic acid and jasmonic acid function as key signaling molecules (Glazebrook, 2001; Thomma et al., 2001; Kunkel and Brooks, 2002) . Herbivore damage and artificial wounding both cause rapid increases in jasmonic acid (Bostock, 1999; Reymond et al., 2000) , triggering systemic defenses against herbivores and necrotrophic pathogens. In contrast, infection by biotrophic pathogens causes rapid increases in salicylic acid (Gaffney et al., 1993; Ryals et al., 1994) and systemic expression of defenses against these pathogens. There is substantial evidence that salicylic acid negatively regulates the jasmonate-dependent pathway in many plants (Bostock et al., 2001; Thaler et al., 2002) , including Arabidopsis (Spoel et al., 2003; Traw et al., 2003) . Despite clear potential for negative cross-talk with respect to structural plant defenses, to our knowledge, no such pattern has been previously shown.
In this study, we first investigated whether artificial wounding increases the density or number of trichomes on newly produced leaves of Arabidopsis.
We then asked whether jasmonic acid causes induction of trichomes and whether adenylation of jasmonic acid is necessary. Next, we asked whether salicylic acid has a negative effect on trichome production and whether salicylic acid negatively regulates the response of plants to jasmonic acid. In addition, we assessed the role of the Npr1/Nim1 gene in the induction of trichomes. Last, we applied gibberellin, jasmonic acid, and salicylic acid alone and in combination to assess how gibberellin interacts with jasmonic acid and salicylic acid.
RESULTS

Artificial Wounding Increases Trichome Density and Number
An effect of artificial wounding on trichome induction in Arabidopsis has not been previously reported. We performed such a test on three widely used accessions (Columbia, Wassilewskija, and Landsberg erecta) that serve as backgrounds for important mutants of Arabidopsis. We present trichome density because this metric is most relevant for defense against herbivores (Traw and Dawson, 2002b) . We also report trichome number per leaf, because this variable reflects the actual commitment to trichomes by the plant (Roy et al., 1999; Traw, 2002) . We found that trichome density and trichome number were higher on new leaves of artificially damaged plants than on the equivalent leaves of control plants (Fig.  1 ). All three accessions responded to artificial damage with significant induction of trichomes, with responses ranging from 25% to 117% of constitutive values. Because each accession was tested in a separate experiment, no statistical comparison of responses of the accessions was attempted.
Jasmonic Acid Increases Trichome Density and Number
Artificial wounding and herbivory typically trigger jasmonate-dependent responses in plants (Bostock, 1999; Reymond et al., 2000) . Having found that artificial wounding increased trichome production, we predicted that jasmonic acid would also cause upregulation of trichomes. To test this prediction, we applied 0.6 mL of two concentrations (0.1 and 1 mm) of jasmonic acid or a water control to plants of two lines (Columbia and Wassilewskija) in a completely randomized experiment. For details of treatment application, trichome measurements, and statistical analysis see "Materials and Methods." We found that jasmonic acid caused significant increases in both trichome density (F 1,30 ϭ 16.6, P Ͻ 0.001; Fig. 2A ) and number (F 1,27 ϭ 8.6, P ϭ 0.006; Fig. 2B ). There was no difference in the effect of 0.1 and 1 mm jasmonic acid on trichome density (F 1,30 ϭ 0.98, P ϭ 0.329; Fig. 2A ), but the higher concentration did have a significantly greater effect on trichome number (F 1,27 ϭ 5.2, P ϭ 0.029; Fig. 2B ). Columbia and Wassilewskija responded similarly to jasmonic acid, as shown by the lack of a significant line by treatment interaction term in the analysis of variance for trichome density ( Fig.  2A ) or trichome number (Fig. 2B) .
Adenylation of Jasmonic Acid Is Not Required
The jasmonic acid response mutant (jar1-1) produces jasmonic acid but does not adenylate it (Staswick et al., 2002) and therefore lacks induction of some jasmonate-mediated anti-fungal resistance traits (Staswick et al., 1992 (Staswick et al., , 1998 . If the Jar1-1 gene is required for jasmonate-dependent induction of trichomes, then we expected that the jar1-1 mutant would not induce trichomes following the application of jasmonic acid, whereas its wild-type background, Columbia, would. To test this prediction, we treated plants of the jar1-1 mutant and Columbia with 0.6 mL of 0.45 mm jasmonic acid or a water control in a completely randomized experiment. We chose 0.45 mm because it was intermediate between the two concentrations we had previously tested on Columbia. Jasmonic acid caused an increase in trichome density of 55.9% for the jar1-1 mutant and an increase of 52.7% for Columbia. Trichome number increased by 27.1% for the jar1-1 mutant and 34.6% for Columbia. In a two-way analysis of variance, these effects of jasmonic acid were significant for both trichome density (F 1,11 ϭ 16.9, P ϭ 0.001) and trichome number (F 1,11 ϭ 7.4, P ϭ 0.021). The lack of difference in the response of the jar1-1 mutant and its background was shown by the absence of a sig- Figure 1 . Effect of artificial damage on leaf trichome density (number per square centimeter) and trichome number of adaxial surface of a subsequent leaf. Sample sizes were n ϭ 4, 4, and 24 per treatment for Columbia, Wassilewskija, and Landsberg, respectively. Error bars represent ϩ1SE. P values represent a planned pair wise contrast between control and the combined damaged treatments. Differences between the two levels of damage were not significant according to planned pair wise contrasts. We repeated each experiment with similar results. nificant line by treatment effect for either trichome density (F 1,11 ϭ 0.01, P ϭ 0.939) or trichome number (F 1,11 ϭ 0.39, P ϭ 0.545). This result suggests that the Jar1-1 gene is not required for the induction of trichomes.
Salicylic Acid Decreases Trichome Density and Number
Given that the jasmonate and salicylate pathways generally exhibit negative cross-talk in Arabidopsis (Spoel et al., 2003; Traw et al., 2003 ; but see van Poecke and Dicke, 2002), we predicted that exogenous salicylic acid would reduce trichome density and number. To test this prediction, we applied two concentrations (0.1 and 1 mm) of salicylic acid or a water control to plants of two lines (Columbia and Wassilewskija) in a completely randomized experiment. We found that salicylic acid caused significant decreases in both trichome density (F 1,33 ϭ 7.9, P ϭ 0.008; Fig. 3A ) and number (F 1,33 ϭ 4.6, P ϭ 0.039; Fig.  3B ). There was no difference in the effect of 0.1 and 1 mm salicylic acid on trichome density (F 1,33 ϭ 2.6, P ϭ 0.115; Fig. 3A ) or trichome number (F 1,33 ϭ 3.3, P ϭ 0.076; Fig. 3B ). Columbia and Wassilewskija responded similarly to salicylic acid, as shown by the lack of a significant line by treatment interaction term in the analysis of variance for trichome density (Fig.  3A ) or trichome number (Fig. 3B) . We repeated the experiment with similar results.
No Effect of Jasmonic Acid or Salicylic Acid on Epidermal Cell Number
Our finding that jasmonic acid and salicylic acid alter leaf trichome number prompted us to ask whether the response was due to a change in the proportion of epidermal cells receiving the trichome fate or whether there were simply more epidermal cells per leaf. To address this question, we estimated cell numbers on a subset of leaves treated with 0.1 or 1.0 mm jasmonic acid or salicylic acid. We found no evidence of differences in epidermal cell numbers between control leaves and leaves treated with jasmonic acid (Fig. 2C ) or salicylic acid (Fig. 3C ), thus trichome induction apparently resulted from an increased probability that epidermal cells become trichomes.
Salicylic Acid Inhibits Plant Response to Jasmonic Acid
Having observed differential effects of jasmonic acid and salicylic acid on trichome production, we asked whether these two elicitors interact in their effects on trichome production. If salicylic acid negatively regulates the jasmonate-dependent pathway (Spoel et al., 2003) , then we would predict that plants treated with salicylic acid would show less induction of trichomes in response to jasmonic acid.
To test this prediction, we used an intermediate concentration (0.45 mm) for each elicitor. Plants received water, 0.45 mm jasmonic acid alone, 0.45 mm salicylic acid alone, or both 0.45 mm jasmonic acid and 0.45 mm salicylic acid. We applied these four treatments to plants of Columbia and Wassilewskija in a completely randomized experiment. For details of treatment application, trichome measurements, and statistical analysis, see "Materials and Methods."
As in the previous experiments, jasmonic acid alone caused large increases in trichome density (Fig.  4A ) and number (Fig. 4B) . Averaged across the two lines, plants treated with jasmonic acid alone had 70.9% higher trichome density (F 1,26 ϭ 32.5, P Ͻ 0.001) and 67.8% higher trichome number (F 1,26 ϭ 53.8, P Ͻ 0.001) relative to control plants. However, when plants received both jasmonic acid and salicylic acid, they produced new leaves with only 18.3% higher trichome density (F 1,26 ϭ 2.4, P ϭ 0.127) and 37.4% higher trichome number (F 1,26 ϭ 6.3, P ϭ 0.018) relative to equivalent leaves of control plants. This reduced effect of jasmonic acid in the presence of salicylic acid was supported by a significant jasmonic acid by salicylic acid interaction term in the threeway analysis of variance for both trichome density (F 1,26 ϭ 5.6, P ϭ 0.025; Table I ) and number (F 1,26 ϭ 4.6, P ϭ 0.040; Table I ). The results were therefore consistent with the presence of negative cross-talk between the salicylate and jasmonate-dependent defense pathways in Arabidopsis.
The nim1-1 Mutant Has Reduced Response to Jasmonic Acid
The non-inducible immunity (nim1-1) mutant is in the Wassilewskija background and does not induce defensive proteins following elicitation with biotrophic bacteria or application of salicylic acid (Delaney et al., 1995) . The Npr1/Nim1 gene therefore plays a central role in the induction of resistance (Delaney, 2000; Glazebrook, 2001 ) and appears to act downstream of salicylic acid in some instances of negative regulation of the jasmonate-dependent pathway (Spoel et al., 2003) . For this reason, we predicted that trichome induction in the nim1-1 mutant would have an increased response to jasmonic acid relative to its background and no response to salicylic acid.
To test these predictions, we treated the nim1-1 mutant and Wassilewskija with 0, 0.1, or 1 mm jasmonic acid in one experiment and with 0, 0.1, or 1 mm salicylic acid in another experiment. For details of treatment application, trichome measurements, and statistical analysis, see "Materials and Methods."
The nim1-1 mutant responded to jasmonic acid with a significant increase in trichome density (Fig.  5A ) and trichome number (Fig. 5C) . However, the induction response was significantly reduced relative to that of its background, Wassilewskija, at the higher concentration of jasmonic acid for both trichome density (F 1,28 ϭ 10.6, P ϭ 0.002) and trichome number (F 1,28 ϭ 10.3, P ϭ 0.003). The result was therefore the opposite of our prediction that the nim1-1 mutant would have an increased response to jasmonic acid and suggests that the Npr1/Nim1 gene may accentuate induction of trichomes following the application of jasmonic acid. Additionally, the nim1-1 mutant responded to salicylic acid with a significant decrease in trichome density (Fig. 5B) and trichome number ( Fig. 5D ), contrary to our second prediction that it would not respond to salicylic acid. Because the response of nim1-1 to salicylic acid did not differ from Wassilewskija, our results suggest that the Npr1/ Nim1 gene does not contribute to the negative regulation of trichome induction by salicylic acid.
Gibberellin and Jasmonic Acid Have a Synergistic Effect on Trichome Induction
Gibberellin is a hormone that regulates plant growth and developmental events ranging from seed germination to the timing of flowering and senescence. Gibberellin appears to have a primary role in initiating Arabidopsis trichomes (Chien and Sussex, 1996; Telfer et al., 1997; Perazza et al., 1998) . For example, the ga1-3 mutant is unable to produce gibberellin and does not produce trichomes. However, when gibberellin is added exogenously, trichome production is restored (Chien and Sussex, 1996) . Additionally, wild-type plants are unable to produce trichomes following treatment with two gibberellin biosynthesis inhibitors, paclobutrazol (Chien and Sussex, 1996) and uniconazol (Perazza et al., 1998) . Given our observation of positive effects of jasmonic acid on trichome production, we initiated study of how jasmonic acid and salicylic acid interact with gibberellin in the production of trichomes.
To address the interactions among jasmonic acid, salicylic acid, and gibberellin, we applied a 0.45 mm concentration of each compound alone and in all possible combinations. We applied these treatments to plants of Landsberg erecta in a completely randomized experiment. We chose Landsberg erecta because this is the wild-type background for important gibberellin mutants. For details of treatment application, trichome measurements, and statistical analysis, see "Materials and Methods."
There were strong interactions between jasmonic acid and gibberellin (Table II) . In the absence of gibberellin, leaves of plants treated with jasmonic acid exhibited an increase of only 5% in trichome density and number. In the presence of gibberellin, leaves of plants treated with jasmonic acid increased 48.9% in trichome density and 93.1% in trichome number. The greater effect of jasmonic acid in the presence of gibberellin was significant according to the jasmonic acid by gibberellin interaction term in the analysis of variance for trichome density (F 1,82 ϭ 3.7, P ϭ 0.056; Table II ) and number (F 1,82 ϭ 6.9, P ϭ 0.009; Table II) .
Additionally, there were strong interactions between jasmonic acid and salicylic acid in the production of trichomes. In the absence of salicylic acid, jasmonic acid caused an increase of 31.4% in trichome density and 35.0% in trichome number. In the presence of salicylic acid, jasmonic acid caused a decrease of 0.9% in trichome density and 0.1% in trichome number. The reduced effect of jasmonic Figure 5 . Response of Wassilewskija (Ws) and nim1-1 mutant to 0, 0.1, or 1 mM jasmonic acid or salicylic acid. Each bar represents the mean of five replicates. Error bars represent Ϯ1SE. We repeated the experiments with similar results. Significant planned contrasts between treatment and control means are indicated by asterisks. ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05. acid in the presence of salicylic acid was significant according to the jasmonic acid by salicylic acid interaction term in the analysis of variance for trichome density (F 1,82 ϭ 4.7, P ϭ 0.032; Table II ) and number (F 1,82 ϭ 10.2, P ϭ 0.002; Table II ). This result was consistent with our earlier findings for Columbia and Wassilewskija. Interestingly, there was also evidence of interaction between gibberellin and salicylic acid. In the absence of salicylic acid, gibberellin caused an increase of 72.0% in trichome number. In the presence of salicylic acid, gibberellin caused only an increase of 29.6% in trichome number. The reduced effect of gibberellin in the presence of salicylic acid was significant according to the gibberellin by salicylic acid interaction term in the analysis of variance for trichome number (F 1,82 ϭ 7.4, P ϭ 0.007; Table II ). We performed the experiment twice with similar results.
DISCUSSION
Trichomes and thorns are structural traits that protect plants from leaf-damaging insects (Levin, 1973) . Studies have shown that individual plants increase or decrease allocation to these physical defenses based on the environmental pressure from herbivores (Pullin and Gilbert, 1989; Baur et al., 1991; Myers and Bazely, 1991) , and this study confirms such a response in the model plant, Arabidopsis. Although jasmonic acid has been widely shown to regulate systemic expression of chemical defenses (Karban and Baldwin, 1997) , no previous studies have assessed whether the jasmonate-dependent pathway also regulates systemic increases in physical defenses in Arabidopsis. In this study, we observed strong positive effects of jasmonic acid on the trichome density and number of newly produced leaves (Figs. 2, 4 , and 5). Our results, therefore, provide the first evidence that jasmonic acid and the jasmonate-dependent pathway regulate trichome induction in Arabidopsis.
Jasmonic acid is either methylated (Seo et al., 2001 ) or adenylated (Staswick et al., 2002) during the process of induction, with different consequences for the expression of resistance. Staswick et al. (1998) determined that adenylation is particularly important for some jasmonate-dependent induction responses. Our study suggests that adenylated jasmonic acid is not necessary for constitutive trichome production or the induction of trichomes following addition of jasmonic acid. This conclusion is based on the fact that the jar1-1 mutant, which is unable to adenylate jasmonic acid, exhibited trichome induction following the addition of 0.45 mm jasmonic acid that was highly similar to its background, Columbia. Our finding is consistent with recent evidence for JAR1-independent induction of other plant defenses against herbivores (van Poecke and Dicke, 2003) .
Salicylic acid or a downstream component reduced trichome density and number on new leaves (Figs. 3,  4 , and 5). This is a novel finding for exogenously applied salicylic acid. It is also consistent with observations by Bowling et al. (1997) that the cpr mutant of Arabidopsis, which overexpresses salicylic acid, has reduced trichome densities. In addition to directly inhibiting trichome production, salicylic acid reduced the positive effects of jasmonic acid on trichome induction for all three lines (Tables I and II) . Because some plants respond to biotrophic bacteria by rapidly increasing tissue concentrations of salicylic acid (Gaffney et al., 1993; Ryals et al., 1994; Ton et al., 2002) , we predict that biotrophic pathogen attack will reduce plant allocation to trichomes and thereby decrease resistance to insect herbivores. Negative effects of biotrophic bacterial infection on plant resistance to an insect herbivore have been shown in Arabidopsis (Cui et al., 2002) , but the role of trichome down-regulation via the salicylate-dependent pathway has not been specifically addressed. Interestingly, some herbivores induce both the jasmonate and salicylate-dependent pathways (Stotz et al., 2002; van Poecke and Dicke, 2002) , and thus feeding by herbivores may not always lead to a systemic increase in trichome production. Herbivores may even exploit the salicylic acid pathway to reduce expression of jasmonate-dependent responses, but there is little data on this topic (Bostock, 1999; Bostock et al., 2001 ). Our results suggest a role of the Npr1/Nim1 gene in the trichome induction response to jasmonic acid but not in the manner suggested for other jasmonatedependent responses (Spoel et al., 2003) . Npr1/Nim1 codes for a nuclear protein that is necessary for downstream activity of the salicylate-dependent pathway (Cao et al., 1997; Delaney, 2000) . The nim1-1 mutant therefore has increased susceptibility to biotrophic pathogens due to its inability to induce pathogen-related defenses (Delaney, 2000) . In our study, the nim1-1 mutant produced normal constitutive trichome densities and responded to salicylic acid with a reduction in trichome production similar to wild-type plants (Fig. 5, B and D) , suggesting that the Npr1/Nim1 gene is not downstream of salicylic acid in the negative regulation of trichome production. Interestingly, the nim1-1 mutant had reduced response to 1 mm jasmonic acid relative to its wildtype background, the Wassilewskija ecotype (Fig. 5 , A and C). Thus, the Npr1/Nim1 gene appears to increase rather than decrease trichome induction at this concentration of jasmonic acid. In a previous study, we found elevated susceptibility of the nim1-1 mutant to a biotrophic pathogen (Traw et al., 2003) consistent with general expectations with this mutant. Assessment of effects of jasmonic acid on trichome induction in the npr1 mutant, which is in the Columbia background, will be an important follow-up to this research. Application of salicylic acid increased susceptibility of the npr1 mutant to a generalist herbivore (Stotz et al., 2002) , which is consistent with our finding that salicylic acid can inhibit the jasmonate-dependent pathway independently of the Npr1/Nim1 gene.
Our results also support a synergistic association between gibberellin and jasmonic acid in the induction of trichomes. Some evidence suggests that jasmonate may up-regulate gibberellin in wounded petunia (Petunia hybrida) corollas (Tamari et al., 1995) . Whether the apparent synergism in trichome induction is due to the up-regulation of gibberellin by jasmonic acid is not yet clear.
In summary, our study provides the first evidence that artificial damage and jasmonic acid cause the induction of trichomes in Arabidopsis. The effect of jasmonic acid reflected an increase in the proportion of cells that became trichomes, rather than an increase in the overall epidermal cell number of the leaves. Adenylation of jasmonic acid was not necessary for the induction response. Salicylic acid downregulated trichome production and exhibited negative cross-talk with the jasmonate-dependent pathway. This is the first observation of negative cross-talk between these two major induction pathways in their effects on a physical/structural plant defense. Gibberellin and jasmonic acid exhibited a synergistic effect on trichome production, suggesting an important link between these two pathways in Arabidopsis.
MATERIALS AND METHODS
Plant Material and Growth Conditions
The Columbia (Col-0) and Wassilewskija (Ws-0) ecotypes, as well as the jar1-1 mutant, were obtained from the Arabidopsis Biological Resource Center. The nim1-1 mutant and Landsberg erecta ecotype were provided by Novartis Agribusiness Biotechnology (Basel, Switzerland) and Lehle Seeds (Round Rock, TX), respectively. Seeds were sown on wet Promix-BX (Premier Horticulture, Red Hill, PA) in 36-celled flats. Flats were placed in the dark at 4°C for 3 d and moved 3 d later to an environmental growth chamber with a temperature of 20°C and 12 h of artificial light at 500 mol m Ϫ2 s
Ϫ1
photosynthetically active radiation from halogen arc lamps. 
Application of Treatments
Artificial wounding consisted of one or two pinches with serrated forceps to each of the three largest leaves of plants on d 19 of plant growth, when plants typically had six to eight leaves on their main stem. Solutions of jasmonic acid (J-2500, Sigma-Aldrich, St. Louis), salicylic acid (S-7401, Sigma-Aldrich), and gibberellin (A 3 ; #G-1025, Sigma-Aldrich) were neutralized to pH 7 through the addition of NaOH. Jasmonic acid was added from a concentrated stock solution containing 100% (v/v) ethanol. Each treatment consisted of 0.6 mL of the appropriate solution, applied by pipettor to the top surface of all leaves greater than 1 cm in length. Controls for the application of salicylic acid and gibberellin received 0.6 mL of water, whereas controls for the application of jasmonic acid received 0.6 mL of water and a minute amount of ethanol, to control for the presence of ethanol in the stock solution. Jasmonic acid and gibberellin were applied on d 19, whereas salicylic acid was applied on d 20 to allow the other compounds sufficient time to be taken up by the plant. After the application of salicylic acid, the youngest visible leaf was marked with black ink to facilitate later selection of a target leaf for trichome measurement.
Measurement of Trichome Density and Number
We measured trichome density and number on the second new leaf produced following the application of treatments. This leaf was chosen because, at the time of damage, it was the leaf most likely to be in the developmental stage at which trichome fates are assigned to cells (Larkin et al., 1996; Traw and Dawson, 2002a) . Arabidopsis exhibits 2/5 phyllotaxy, which means that from a given leaf, two revolutions and five leaves are required to return to the same position. Thus, leaves are spaced by roughly 140 o around the stem (Hamada et al., 2000) , and we were able to be very accurate in determining the second new leaf above the leaf marked at the time of treatment. Additionally, we used this same phyllotaxy principle to determine the position of our target leaves relative to the first true leaf. Our target leaf upon which trichomes were measured was typically the tenth or eleventh leaf on the main stem.
The target leaf was first removed from the plant and traced. A leaf disc (area ϭ 0.29 cm 2 ) was then removed by hole punch from the center of the leaf blade and counted for adaxial trichome number under a dissecting microscope (Zeiss, Jena, Germany). Trichome density was calculated as the trichome number per disc divided by the disc area. Leaf tracings were scanned and digitized for area determination using a graphic analysis program (ImageJ for Windows v1.29). Leaf trichome number was calculated as the trichome density multiplied by the leaf area. Because trichomes are distributed uniformly across the upper surface of mature leaves of Arabidopsis (Larkin et al., 1996) , these discs were probably fairly accurate in estimating the total number of trichomes on the adaxial surface of the leaf and allowed us to measure a sufficient number of leaves for statistical analysis.
Measurement of Epidermal Cell Number
Top-surface epidermal cell number was scaled up from cell counts of a small rectangular area randomly selected on each leaf disc (area ϭ 0.091 cm 2 ) as seen under the 40ϫ oil immersion objective of a compound micro-scope. Cell density was multiplied by leaf area to provide an estimate of top-surface epidermal cell number per leaf. Because cell counts were highly time consuming, only two replicate plants per treatment were measured.
Statistical Analysis
Unless otherwise noted, each mean represents the average of five replicate plants. We analyzed each experiment by ANOVA. In several of the analyses, we removed outliers so that the residuals satisfied the assumption of normality, but this did not alter the conclusions drawn. In tables and figures, all P values survived sequential Bonferroni corrections to correct table and figure-wide confidence to ␣ ϭ 0.05 (Rice, 1989) . We used planned pair wise contrasts within each ANOVA to compare treatment and control means.
